The authors have deposited thin films of La 0.85 Sr 0.15 MnO 3 ͑LSMO͒ on 0.7Pb͑Mg 1/3 Nb 2/3 ͒O 3 -0.3PbTiO 3 ͑PMN-PT͒ single-crystal substrates and have achieved modulation of the resistance of the LSMO film by applying an electric field across the PMN-PT substrate whether the LSMO film is in the paramagnetic, ferromagnetic, or charge-ordered state. Piezoelectric measurements show that the electric field gives rise to a lattice strain in the PMN-PT substrate via the converse piezoelectric effect, which then induces a lattice strain and hence a resistance change in the LSMO film. Analysis of the data indicates that the electric-field-induced lattice strain effect dominates over the field effect in the LSMO/PMN-PT structure. 1-5 One important question concerning manganite thin films is how the epitaxial strain, which arises from the lattice mismatch between the thin film and the substrate, affects the properties of the thin films. It has been demonstrated that the strain can have drastic effects, such as inducing electronic phase separation, 1 enhancing colossal magnetoresistance effect, 2 and stabilizing charge-ordered phase.
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Although the strain effect has been investigated extensively, it is almost impossible to isolate the pure strain effect from other extrinsic effects present in real thin-film samples such as structural defects, oxygen nonstoichiometry, chemical inhomogeneities, etc. The effects of strain on the properties of manganite thin films are not yet well understood. In this context, it is desirable to investigate the strain effect using the same thin-film sample so that extrinsic effects can be kept fixed. The La 0.85 Sr 0.15 MnO 3 ͑LSMO͒ compound is an interesting system that exhibits consecutive phase transitions from paramagnetic ͑PM͒ state to ferromagnetic ͑FM͒ state, and then to charge-ordered ͑CO͒ state with decreasing temperature. 4,5 Thus, LSMO is a good system that can be used for the investigation of the lattice strain effect in the PM, FM, and CO states, respectively.
In this work, we deposited LSMO films on piezoelectric 0.7Pb͑Mg 1/3 Nb 2/3 ͒O 3 -0.3PbTiO 3 ͑PMN-PT͒ single-crystal substrates and in situ induced lattice strain in the PMN-PT substrate via the converse piezoelectric effect. The responses of the resistance of the LSMO film to the induced lattice strain in the PM, FM, and CO states were studied using the same LSMO/PMN-PT sample.
The PMN-PT single crystals were grown by a modified Bridgman technique. 6 The single crystals were cut into rectangular plates with dimensions of 10ϫ 3 ϫ 0.55 mm 3 and with the plate normal in the ͗001͘ crystal direction and polished until the average surface roughness was less than 1 nm. The LSMO films were deposited on the ͑001͒-oriented PMN-PT substrates by dc magnetron sputtering at a substrate temperature of 700°C.
X-ray diffraction -2 scans using a Bruker D8 Discover x-ray diffractometer show that the LSMO films are of single phase and c-axis preferentially oriented. Field-emission scanning electron microscopy measurements indicate that the LSMO films have thicknesses of ϳ35 nm. Low frequency ferroelectric measurements demonstrate that the polarization-electric-field hysteresis loop of the PMN-PT substrate has a square shape and remnant polarization ϳ25 C/cm 2 and coercive field E C ϳ 3.3 kV/ cm ͓inset ͑b͒ of Fig. 1͔ . The resistance of the LSMO films was measured using the electrical circuit shown in inset ͑a͒ of Fig. 1 . The leakage current was measured using a Keithley 6517A electrometer and was less than 0. field. The electric-field-induced longitudinal lattice displacement of the PMN-PT substrate due to the converse piezoelectric effect was measured using a modified double-beam laser interferometer.
First, we applied a dc poling field of +10 kV/ cm across the LSMO/PMN-PT structure which was placed in a silicone oil bath close to the Curie temperature of the PMN-PT substrate so that the PMN-PT substrate was positively polarized ͑i.e., the electric dipole moments in the PMN-PT substrate point toward the LSMO film; this state is hereafter referred to as P r + ͒. Piezoelectric measurements using a Berlincourttype quasistatic d 33 meter show that such a positively polarized PMN-PT substrate has a longitudinal piezoelectric coefficient d 33 ϳ 1350 pC/ N at 296 K. Figure 1 shows the temperature dependence of the resistance of the LSMO film. In the paramagnetic state the resistance increases with decreasing temperature and reaches a maximum at T P ͑ϳ122 K͒, but then it shows a drop with further decrease in the temperature. At a temperature around 58 K the resistance exhibits an upturn, which is associated with the charge ordering. 4, 5, 7 These features are similar to those observed in LSMO single crystal.
4,5 However, the insulator-metal transition temperature T P and chargeordering transition temperature T CO are lower than those observed in LSMO single crystal, which could be due to the tensile strain arising from the relatively large lattice mismatch between the LSMO film ͑a ϳ b ϳ c ϳ 3.88 Å͒ and the PMN-PT substrate ͑a ϳ b ϳ c ϳ 4.02 Å͒ as well as the oxygen deficiencies. 8, 9 Figures 2͑a͒-2͑c͒ show the resistance response ͑⌬R / R͒ of the LSMO film as a function of time at 10, 77, and 296 K when a sinusoidal electric field with a peak-to-peak magnitude of 2 kV/ cm was applied to the LSMO/PMN-PT structure. The PMN-PT substrate was in the P r + state. Here, ⌬R / R = ͓R͑E͒ − R͑0͔͒ / R͑0͒ where R͑E͒ and R͑0͒ are the resistances of the LSMO film under an electric field E and zero electric field, respectively. It is seen that the resistance of the LSMO film at 10, 77, and 296 K was modulated at the same frequency as that of the driving sinusoidal electric field. The phase difference between the sinusoidal electric field and ⌬R / R is , which means that applying a positive ͑negative͒ electric field to the positively polarized PMN-PT substrate causes a decrease ͑increase͒ in the resistance of the LSMO film. The relationship between ⌬R / R and E for PMN-PT in the P r + state can be expressed as ⌬R / R =−aE where a is a positive constant. The peak values of ⌬R / R at 10, 77, and 296 K are about 1.1%, 3.0%, and 0.5%, respectively.
It should be noted that the PMN-PT substrate had been positively polarized before the measurements of the resistance of the LSMO film. Therefore, applying an electric field of 1 kV/ cm ͑E Ͻ E C ͒ to the PMN-PT substrate cannot switch the polarization state of the PMN-PT substrate. On the other hand, the electric-field-induced relative change in charge carrier density ͑⌬n͒ in the LSMO film can be estimated by using the relation ⌬n / n = 0 r V g / et i n 0 t ch , 10, 11 where 0 and r are the permittivities of free space and the PMN-PT substrate, respectively, V g is the gate voltage, e is the electron charge, t i and t ch are the thicknesses of the PMN-PT substrate and LSMO film, respectively, and n 0 is the volume density of charge carriers in the LSMO film. Assuming n 0 ϳ 8 ϫ 10 21 /cm 3 in the LSMO film, 12 V g =55 V, t ch ϳ 35 nm, r = 2550, and t i = 0.55 mm, one obtains ⌬n / n = 0.005%. In a free electron model, one can obtain the relation ⌬R / R = −⌬n / n. 13, 14 Therefore, the modulation of the resistance of the LSMO film is not due to the field effect in the LSMO/ PMN-PT structure since this contribution is negligibly small, compared to the experimentally observed ⌬R / R in the LSMO film.
After the measurements of the resistance of the LSMO film for PMN-PT in the P r + state, the PMN-PT substrate was negatively polarized ͑referred to as P r − ͒ by applying a negative dc poling field ͑−10 kV/ cm͒ across the LSMO/PMN-PT structure. Figures 2͑d͒-2͑f͒ show the resistance response ͑⌬R / R͒ of the LSMO film as a function of time at 10, 77, and 296 K when a sinusoidal electric field with a peak-topeak magnitude of 2 kV/ cm was applied to the LSMO/ PMN-PT structure when the PMN-PT substrate was in the P r − state. As seen in Figs. 2͑d͒-2͑f͒, the resistance of the LSMO film was also modulated by the sinusoidal electric field. However, the resistance change of the LSMO film is in phase with the driving sinusoidal electric field, which is in contrast to those observed in the LSMO/PMN-PT structure for P r + ͓Figs. 2͑a͒-2͑c͔͒. The peak values of ⌬R / R at 10, 77, and 296 K are about the same as those observed in the LSMO/PMN-PT structure for PMN-PT in the P r + state. PMN-PT is a ferroelectric material and thus exhibits the converse piezoelectric effect after it has been either positively or negatively polarized. When an electric field E ͑E Ͻ E C ͒ is applied to the polarized PMN-PT substrate, the lattice of the PMN-PT substrate will expand ͑or contract͒ along the direction of the electric field. 15 Figures 3͑a͒ and 3͑b͒ show the electric-field-induced longitudinal lattice displacement ͑⌬l͒ of the PMN-PT substrate when a sinusoidal electric voltage with a peak-to-peak magnitude of 20 V is applied to the positively and negatively polarized PMN-PT substrate, respectively. Here, ⌬l = l͑E͒ − l͑0͒ where l͑E͒ and l͑0͒ are the thicknesses of the PMN-PT substrate under an electric field E and zero electric field, respectively. It can be seen that the electric field causes the lattice of the PMN-PT substrate to expand and contract along the c axis at the same frequency as that of the field. When a positive ͑negative͒ voltage of 10 V is applied to the positively polarized PMN-PT substrate, the lattice of the PMN-PT substrate expands ͑contracts͒ along the c axis by ϳ13.6 nm. In contrast, when a positive ͑negative͒ voltage of 10 V is applied to the negatively polarized PMN-PT substrate, the lattice of the PMN-PT substrate contracts ͑expands͒ along the c axis by ϳ13.6 nm ͓Fig. 3͑b͔͒. The electric-field-induced lattice dis-FIG. 2. ͑Color online͒ Resistance response of LSMO film at 10, 77, and 296 K as a function of time when a sinusoidal electric field with a peak-topeak magnitude of 2 kV/ cm ͑full red curves͒ is applied to the positively ͑P r + ͒ and negatively ͑P r − ͒ polarized PMN-PT substrate, respectively.
placements ͑⌬l͒ in ferroelectric materials due to the converse piezoelectric effect can be calculated using the relation ⌬l = d 33 V. 15 Setting d 33 = 1350 pm/ V and V = 10 V, one obtains ⌬l = 13.5 nm. This calculated value agrees well with the ⌬l value obtained from displacement measurements, strongly indicating the piezoelectric nature of the strain.
The modulation of resistance can be understood in terms of the converse piezoelectric effect. When a positive ͑nega-tive͒ electric field is applied to the positively polarized PMN-PT substrate, the out-of-plane lattice parameter of the PMN-PT substrate increases ͑decreases͒ while the in-plane lattice parameters decrease ͑increase͒ ͓insets of Fig. 3͑a͔͒ . Such a change in the lattice parameters of the PMN-PT substrate will lead to a decrease ͑increase͒ in the magnitude of the tensile strain in the LSMO film, thereby causing a decrease ͑increase͒ in the resistance of the LSMO film. 16 As a result, the resistance of the LSMO film is modulated with the same frequency ͑but the opposite phase͒ as those of the driving sinusoidal electric field. In contrast, when a positive ͑negative͒ electric field is applied to the negatively polarized PMN-PT substrate, the out-of-plane lattice parameter of the PMN-PT substrate decreases ͑increases͒ while the in-plane lattice parameters increase ͑decrease͒ ͓insets of Fig. 3͑b͔͒ , which will lead to an increase ͑decrease͒ in the magnitude of the tensile strain in the LSMO film, thereby causing an increase ͑decrease͒ in the resistance of the LSMO film. 16 Consequently, the resistance of the LSMO film is modulated with the same frequency and phase as those of the driving sinusoidal electric field.
The electric-field-induced in-plane strain ͑ ʈ ͒ in the PMN-PT substrate can be calculated using the relation ʈ = −d 31 E where d 31 is the transverse piezoelectric coefficient of the PMN-PT substrate. 15 Using d 31 = 620 pC/ N obtained by a resonance technique using an HP4294A impedance analyzer, one obtains ʈ = −0.0062% when an electric field of 1 kV/ cm is applied to the polarized PMN-PT substrate. Thus, the absolute value of the resistance-strain coefficient ͑⌬R / R͒ / ʈ for P r + and P r − at 296 K ϳ81, respectively. It should be noted that a value of ͑⌬R / R͒ / ʈ ϳ 150 was observed previously in a La 0.7 Sr 0.3 MnO 3 / 0.72Pb͑Mg 1/3 Nb 2/3 ͒O 3 -0.28PbTiO 3 structure at 300 K. 16 In summary, we have reported the possibility of electricfield control of resistance of LSMO films grown on piezoelectric PMN-PT substrates. The resistance of the LSMO film in the PM, FM, and CO states can be modulated by applying a sinusoidal electric field across the PMN-PT substrate. The modulation of the resistance arises from the induced lattice strain in the LSMO film, which is induced by the lattice strain in the PMN-PT substrate resulting from the converse piezoelectric effect. The induced lattice strain in the PMN-PT substrate may increase or decrease the magnitude of the tensile strain in the LSMO film, which depends on both the polarization state of the PMN-PT substrate and the polarity of the electric field applied to the PMN-PT substrate. The experimental results also show that a decrease ͑increase͒ in the tensile strain in the LSMO film reduces ͑enhances͒ the resistance of the LSMO film whether the LSMO film is in the PM, FM, or CO state. 
